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rgulated in development and DNA damage-1; mechanistic target of rapamycin complex 1; protein synthesis; autophagy; cecal ligation and puncture; proteolysis; critical illness SKELETAL MUSCLE ATROPHY IS A DEBILITATING CONSEQUENCE of sepsis and critical illness that increases the length of hospitalization and mortality (19) . Loss of muscle mass and strength during sepsis results from the prolonged imbalance between rates of protein synthesis and degradation caused by several factors, including increased proinflammatory cytokine signaling, anabolic resistance, and excess glucocorticoids (1, 32, 48) . Protein synthesis is controlled predominantly by the mechanistic (a.k.a. mammalian) target of rapamycin complex 1 (mTORC1), which phosphorylates 70-kDa ribosomal protein S6 kinase-1 (S6K1) and eukaryotic initiation factor (eIF) 4E-binding protein-1 (4E-BP1) to increase translation initiation and peptide chain elongation within muscle (13, 25) . mTORC1 represents a central regulatory factor in the integration of various metabolic signals, including those induced by energy stress [AMP-activated protein kinase (AMPK), regulated in development and DNA damage-1 (REDD-1)] and growth factors (insulin/Akt). Upon activation of the insulin or insulin-like growth factor (IGF)-I receptor and the phosphoinositide 3-kinase signaling cascade, Akt is phosphorylated at Thr 308 by 3-phosphoinositide-dependent protein kinase 1 (PDK1), and this in combination with mTORC2-mediated phosphorylation of Akt on Ser 473 (23) results in its activation (2) . Akt may stimulate protein synthesis via phosphorylation and inhibition of tuberous sclerosis complex (TSC)1/2, leading to Rheb-GTP loading and mTORC1 activation (26) and/or inactivation of glycogen synthase kinase-3␤, thus releasing its inhibition of eIF2B (27) . Impairment of mTORC1 kinase activity is a well-characterized phenomenon in skeletal muscle in response to sepsis and a causal mechanism in the loss of lean body mass (18, 32) .
Upregulation of the two primary proteolytic pathways, autophagy and the ubiquitin-proteasome system (UPS), also contributes to the loss of muscle mass during sepsis (40, 49, 53) . Appropriate autophagic balance is central to skeletal muscle mass and function, as it removes or recycles damaged cellular components, and deletion of autophagy genes (i.e., Atg7, Atg5) results in myopathy or is embryonically lethal (29, 36, 45) . Autophagy is regulated predominantly by Akt/forkhead box O3 (FoxO3) signaling, whereas mTORC1-mediated phosphorylation of Unc-51-like autophagy-activating kinase 1 (ULK1) contributes to a lesser extent (54) . Akt/FOXO signaling represents a link between protein synthesis, autophagy, and the UPS, the latter of which appears to be responsible for the breakdown of the majority of myofibrillar proteins (34, 54) . Akt-mediated phosphorylation of FOXO prevents its nuclear translocation, thereby attenuating the transcription of muscle RING finger protein-1 (MuRF1) and muscle atrophy F-box 1/atrogin1, two genes tightly linked to UPS induction. Deletion of either of these atrogenes attenuates muscle loss following denervation, supporting the critical role of the UPS in atrophy (3) .
As a negative regulator of mTORC1 activity, REDD1 is increased by cellular and catabolic stressors, including sepsis, glucocorticoids, starvation, AMPK activation, alcohol intoxication, DNA damage, hypoxia, and reactive oxygen species (7, 16, 31, 38) . The mechanism by which REDD1 suppresses mTORC1 remains somewhat speculative, with recent in vitro work proposing that induction of PP2A-mediated dephosphorylation of Akt Thr 308 leads to decreased TSC2 phosphorylation and enhanced Rheb-GTPase activity (i.e., increased Rheb-GDP loading) and, therefore, mTORC1 inhibition (10) .
Although previously we have reported that sepsis increases REDD1 (48) , the causal contribution of this increase to the reduction in mTORC1 signaling and protein synthesis is unknown. Therefore, mice with a global deletion of REDD1 were used to test the hypothesis that elimination of REDD1 would ameliorate the sepsis-induced inhibition of mTORC1 and thereby antagonize the impairment in protein synthesis and contribute to improved survival. To increase sample size, additional age-matched WT mice of an identical background (B6/ 129F1) were purchased from Charles River Laboratories (Wilmington, MA) and acclimated to the animal facility at the College of Medicine for Ͼ1 wk prior to experimental use. All mice were housed in shoebox cages with corn cob bedding under controlled environmental conditions (12:12-h light-dark cycle, 21-22°C, 30 -70% humidity) and were provided Teklad Global no. 8604 diet (HarlanTeklad, Boston, MA) and water ad libitum until the start of the experiment. The stage of estrous when surgery was performed was not controlled for in the female mice. Body composition (fat and lean mass) was assessed noninvasively by a single investigator in a blinded manner on conscious animals, using a 1 H-NMR analyzer (Bruker LF90 Proton-NMR Minispec; Bruker Optics, The Woodlands, TX) prior to surgery. All experimental procedures were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals and were approved by the Institutional Animal Care and Use Committee of the Penn State College of Medicine.
METHODS

Animals
Induction of polymicrobial peritonitis. Cecal ligation and puncture (CLP) was used to produce sepsis and was performed as described previously (48) . Mice were anesthetized (isoflurane, 2-3% in O2 with 1.5% maintenance), and the abdomen was shaved and aseptically prepared. An abdominal incision was made, the distal two-thirds of the cecum was ligated, punctured through and through (i.e., 2 holes) with a 23-G needle, and a small amount of cecal material was expressed before the cecum was replaced, and the incision was closed with 5-0 surgical suture. The amount of cecal material expressed was not measured exactly but was approximately the same for all mice by visual inspection; CLP was performed by a single experienced surgeon blinded to animal genotype. Control mice underwent sham surgery, which included an identical incision and closure, but without ligation or puncture of the cecum. Following surgery, all animals received a subcutaneous injection of warm sterile 0.9% saline (1 ml). All mice were individually housed following surgery and given access to water until euthanization. Because sepsis acutely decreases food consumption, food was withheld from all mice in the acute sepsis study so that the nutritional status was identical across groups (46) ; hence, observed differences in protein synthesis and signal transduction are not due to differences in the nutritional state of the mice. The 24-h survival rate did not differ between genotypes, as survival was 100% in septic WT mice and 93% in septic REDD1 mice. Approximately 18 -24 h after the induction of sepsis, mice were deeply anesthetized via isoflurane (4 -5% in O 2), and the gastrocnemius and plantaris muscle complex (referred to as muscle from here on) was excised and immediately frozen between aluminum blocks precooled to the temperature of liquid nitrogen. Blood was collected from the vena cava in heparinized syringes and centrifuged (10,000 g for 10 min) for isolation of plasma. Both frozen tissue and plasma were stored at Ϫ80°C until analysis.
Protein synthesis. Global protein synthesis was assessed in the gastrocnemius and plantaris muscle complex in WT and REDD1 Ϫ/Ϫ mice. All mice were injected intraperitoneally with L- [2, 3, 4, 5, H]phenylalanine [Phe; 150 mM, 30 Ci/ml, 0.5 ml] 15 min before tissue collection. High-performance liquid chromatography was used for the measurement of specific radioactivity of plasma Phe levels in the supernatant from trichloroacetic acid-treated plasma extracts. The global rate of [ 3 H]Phe incorporation into skeletal muscle protein was assessed as described previously by our laboratory (51) .
Survival study. To determine whether global deletion of the REDD1 gene impacts survival, sepsis was induced in a second cohort of age-matched, WT (n ϭ 15), and REDD1 Ϫ/Ϫ (n ϭ 15) female mice. Conditions were identical to those described above, except that food was provided ad libitum after surgery. All mice were monitored three to four times per day, and lethality was recorded every 12 h by the same investigator in a blinded manner. Any mouse that was determined to be moribund was immediately euthanized instead of waiting for spontaneous death (9, 41) . At 5 days (120 h) after CLP, all surviving mice underwent measurement of body composition ( 1 H-NMR) prior to anesthetization and removal of muscles for the determination of wet weight.
AICAR injection. Based on data from our initial experiments, a separate study was performed to determine specifically whether the sepsis-induced decrease in muscle protein synthesis in REDD1 Ϫ/Ϫ mice represented the maximal possible physiological decrement (e.g., a "floor effect"). To this end, three groups of fasted female mice (n ϭ 6/group) were used: saline-injected WT as well as CLP-treated REDD1 Ϫ/Ϫ mice injected with saline or 5-aminoimidazole-4-carboxamide-1-␤-D-ribonucleoside (AICAR). Mice were injected subcutaneously with AICAR (0.5 mg/g body wt; Toronto Research Chemicals, Toronto, ON, Canada) to stimulate AMPK, and muscle was collected 60 min later; time-matched septic mice were injected with an equal volume of vehicle (sterile 0.9% saline). The dose of AICAR and the timing of the experiment were selected because previous studies indicated a significant reduction in muscle protein synthesis (42) . In this series, in vivo protein synthesis was assessed using the SUnSET method and antibody against puromycin (Kerafast, Boston, MA), as described previously (20) . Mice were injected intraperitoneally with 0.04 mol/g body wt of puromycin dissolved in sterile saline 30 min prior to the removal of the plantaris muscle. Western blotting procedures were performed as descried below to visualize puromycin incorporation.
Western blotting. Half of each muscle (50 -90 mg) was homogenized using a mechanical homogenizer in 10 volumes of ice-cold buffer consisting of (in mmol/l) 20 HEPES, 2 EGTA, 0.2 EDTA, 100 potassium chloride, 50 ␤-glycerophosphate, 50 sodium fluoride, 0.5 sodium orthovanadate, 1 benzamidine, and 0.1 phenylmethanesulfonylfluoride. Protein concentration was quantified using the Bio-Rad Protein Assay Dye reagent (Hercules, CA), and SDS-PAGE was carried out using equal amounts of total protein per sample loaded onto 4 -20% gradient gels (Bio-Rad, Hercules, CA). Following transfer to PVDF and prior to blocking, all membranes were treated with Ponceau-S stain and scanned so that sample loading could be verified and compared. Following washes in TBST, membranes were blocked in 5% nonfat milk, and primary antibody was added for overnight incubation at 4°C. mRNA content. Total RNA was extracted using Tri-Reagent (Molecular Research Center, Cincinnati, OH) and an RNeasy mini kit (Qiagen, Valencia, CA), following the manufacturers' protocols. The remaining half of each muscle was homogenized in Tri-Reagent, followed by chloroform extraction, according to the manufacturers' instructions. An equal volume of 70% ethanol was added to the aqueous phase, and the mixture was loaded onto a Qiagen mini spin column. The Qiagen mini kit protocol was followed from this step onward, including the on-column DNase I treatment to remove residual DNA contamination. RNA was eluted from the column with RNase-free water, and an aliquot was used for quantitation (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA). The quality of the RNA was analyzed on a 1% agarose gel. Total RNA (1.5 g) was reverse transcribed using superscript III RT (Invitrogen, Carlsbad, CA) in a total volume of 20 l, following the manufacturer's instructions. Real-time quantitative PCR was performed with 0.5-1 l of the reverse transcription reaction in a QuantStudio 12K Flex Real-Time PCR System using TaqMan gene expression assays (Applied Biosystems, Foster City, CA) for interleukin-6 (IL-6; Mm00446190_m1), tumor necrosis factor-␣ (TNF␣; Mm00443258_m1), atrogin-1 (NM_026346.2), MuRF1 (NM_001039048.2), IGF-I (Mn01233-690_m1), REDD1 (Mm00512504_g1), REDD2 (Mn0051f3313_m1), myostatin (Mm01254559_m1), and ribosomal protein L32 (Mm02528467_g1). The comparative quantification method 2 Ϫ⌬⌬Cq was used in presenting gene expression of target genes in reference to the endogenous control (35) .
Plasma and tissue analysis. Measurement of glucose and lactate was performed on plasma samples collected at euthanization ϳ24 h after sham or septic surgery. A rapid analyzer (Analox Instruments, Lunenburg, MA) was used for measuring each metabolite. Plasma concentrations of cytokines were determined by mouse-specific ELISA (Boster Biological, Fremont, CA). The protein concentration of TNF␣ and IL-6 in skeletal muscle was quantified by mouse-specific ELISA (R & D Systems, Minneapolis, MN), as described previously (33) . The plasma insulin concentration was determined by ELISA (ALPCO, Salemn, NH). The plasma IGF-I concentration was also determined by ELISA (R & D Systems).
Statistical analysis. Data were analyzed on commercial statistic software (SigmaPlot; Systat, San Jose, CA), using a two-way ANOVA (genotype ϫ sepsis) with Student-Newman-Keuls post hoc test when appropriate. Survival data were analyzed using KaplanMeier survival curve analysis (GraphPad, San Diego, CA). Data are presented as means Ϯ SE and considered significant when P Ͻ 0.05.
RESULTS
Body weight, both initially at the start of the study and ϳ24 h after surgery and/or induction of sepsis, did not differ between groups (Table 1) . Likewise, the percentage of fat and lean mass normalized to individual body weight did not differ across the groups prior to surgery ( Table 1) . Body composition was not determined after sepsis, as the insult is too acute to see reproducible changes in either fat or lean mass. However, the gastrocnemius and quadriceps were isolated intact and weighed (Table 1 ). There were no statistical differences for either of these muscles when expressed in terms of absolute mass (Table  1) or normalized to body weight (data not shown). The plasma glucose concentration was decreased in both septic-WT and septic-REDD1 Ϫ/Ϫ mice compared with their respective nonseptic control values; however, the sepsis-induced decrement in glucose was less in mice lacking REDD1 (Table 1) . Conversely, sepsis increased the plasma lactate concentration in both genotypes; however, the magnitude of the hyperlactacidemia was smaller in the septic REDD1 Ϫ/Ϫ mice (Table 1) . Sepsis increased mRNA content (500%) and protein expression (300%) of REDD1 in skeletal muscle of WT mice, whereas REDD1 was essentially undetectable in sham and septic knockout mice (Fig. 1, A and B ). An increase in REDD2, which shares sequence homology with REDD1, can also inhibit mTOR (39) . REDD2 mRNA did not differ between WT and REDD1 Ϫ/Ϫ mice under nonseptic control conditions, and sepsis decreased REDD2 mRNA by ϳ80% regardless of genotype (Fig. 1C) . REDD2 protein content is not reported Values are expressed as means Ϯ SE; n ϭ 10, 10, 15, and 13 for Sham-WT, Sham-REDD1 Ϫ/Ϫ , Septic-WT, and Septic-REDD1 Ϫ/Ϫ , respectively. WT, wild type; CLP, cecal ligation and puncture. Prior to surgery and CLP, body weight and body composition ( 1 H-NMR) were determined. Sepsis was then induced by CLP, and body weight was determined 24 h later at the time of euthanization. At this time point, muscle weight (right gastrocnemius and quadriceps) and blood were collected for the determination of plasma glucose, lactate, and insulin concentrations. Statistical differences between groups (P Ͻ 0.05) are indicated by different letters.
because of uncertainty related to Western blot data using several commercially available antibodies (more in DISCUS-SION).
In accord with the role of REDD1 as a negative regulator of mTORC1 (7) did not differ between the sham and septic REDD1 Ϫ/Ϫ mice. To determine whether the rate of muscle protein synthesis in the septic REDD1 Ϫ/Ϫ mice had been maximally decreased (i.e., a "floor effect"), a separate study was performed in which REDD1 Ϫ/Ϫ mice were injected with the pharmacological agent AICAR, which stimulates AMPK and decreases muscle protein synthesis (4, 42) . The relative rate of protein synthesis was 100 Ϯ 11% in WT control mice, 73 Ϯ 5% in REDD1 Ϫ/Ϫ septic mice, and 44 Ϯ 6% for REDD1 Ϫ/Ϫ septic mice injected with AICAR. One-way ANOVA with Student-Newman-Keuls followup indicated a significant difference (P Ͻ 0.05) between all groups.
The current model of REDD1 signaling based on in vitro work proposes that REDD1 induces PP2A-mediated dephosphorylation of Akt Thr 308 to inhibit mTORC1 (10) . Therefore, REDD1
Ϫ/Ϫ mice would be expected to display elevated levels of Akt Thr 308 , leading to enhanced mTORC1 activity. In contrast, decreased phosphorylation of Akt Thr 308 (40%) was observed in sham-REDD1 Ϫ/Ϫ mice relative to sham-WT mice (Fig. 3A) . Furthermore, there was no difference in Akt Thr 308 phosphorylation between sham-REDD1 Ϫ/Ϫ mice and either group of septic mice, with all three groups exhibiting a 50 -60% reduction in Akt phosphorylation compared with sham-WT values. Decreased Akt Thr 308 does not appear to be due to a change in the protein content of PP2A (c-subunit), which dephosphorylates Akt Thr 308 , or to a change in PDK1 Ser 241 , which phosphorylates Akt (Fig. 3 , B and C), as these proteins were unaltered by sepsis or REDD1 deletion. Additionally, the phosphorylation of TSC2 Ser 939 , an Akt substrate, did not differ among the four groups (Fig. 3D) . Similarly to the decrease in Akt Thr 308 phosphorylation, sepsis decreased the phosphorylation of Akt Ser 473 in WT and REDD1 Ϫ/Ϫ mice, consistent with suppression of mTORC2 (Fig. 3E) . Changes in PRAS40 Thr 246 phosphorylation also mimicked that of Akt; under sham conditions PRAS40 phosphorylation was decreased in REDD1 Ϫ/Ϫ mice, whereas sepsis decreased levels even further in both genotypes (Fig. 3F) .
Protein synthesis can also be regulated by several mTORC1-independent pathways that have been investigated specifically herein. First, ERK and p38 phosphorylate MNK (MAPK signal-integrating kinase)-1/2, which in turn phosphorylates eIF4E, thereby potentially enhancing translation (50) . Phosphorylation of ERK (but not p38) was increased in nonseptic control REDD1
Ϫ/Ϫ mice compared with WT mice (Fig. 4A ). While there was no sepsis-induced increase in ERK phosphorylation in WT septic mice, ERK phosphorylation was lower in REDD1 Ϫ/Ϫ septic mice compared with control REDD1
values. There was neither a genotype nor a sepsis effect on the phosphorylation state of p38 (Fig. 4C ) or JNK (data not shown). Phosphorylation of eIF4E on Ser 209 was increased by REDD1 deletion under control conditions and in WT mice by sepsis (Fig. 4D) . There was no interaction of REDD1 deletion and sepsis. eIF2B activity can also regulate the global rate of protein synthesis, and such activity is controlled in part by phosphorylation of eIF2Bε and eIF2␣ (28) . However, there was no significant genotype or sepsis effect on the phosphorylation of eIF2Bε Ser 536 or eIF2␣ Ser 51 or on the total amount of either protein in skeletal muscle (data not shown).
Finally, changes in the rate of translation elongation can also influence protein synthesis (6) . Phosphorylation of eEF2 on Thr 56 did not differ between WT and REDD1 Ϫ/Ϫ mice under either control or septic conditions, and sepsis increased eEF2 phosphorylation by 40 -50% in both genotypes (Fig. 5A) . To determine the potential mechanism for this change in phosphorylation state, two distinct phosphorylation sites for eEF2 kinase were assessed. S6K1-mediated phosphorylation of eEF2 kinase on Ser 366 was increased similarly in REDD1 Ϫ/Ϫ mice under both control and septic conditions, and there was no sepsis-induced change in phosphorylation (Fig. 5B) . There was no consistent change among the four groups in the phosphorylation of eEF2 kinase on Ser 398 , which is mediated by AMPK, and this was consistent with the lack of genotype and/or sepsis effect on AMPK phosphorylation (Fig. 5, C and D, respectively) . We confirmed that AMPK was not activated by sepsis and/or REDD1 deletion, as Ser 79 phosphorylation of ACC in muscle did not differ between any of the four experimental groups (data not shown).
Because muscle mass depends on the balance between rates of synthesis and degradation, surrogate markers of each of the two primary proteolytic pathways (autophagy and UPS) were assessed. Sepsis decreased the phosphorylation of ULK1 Ser 757 and p62 expression, whereas it increased the abundance of LC3B-II vs. LC3-I (Fig. 6, A-C) . Collectively, these data imply that sepsis increases autophagy in WT mice. Deletion of REDD1 prevented the sepsis-induced increase in autophagy, as these markers did not differ from nonseptic sham mice (Fig. 6,  A-C) . However, protein expression of the autophagy-related genes Atg7 and Atg12 was not altered in response to REDD1 knockout or sepsis (data not shown).
Activation of the UPS is often inferred from the mRNA content of the atrogenes MuRF1 and atrogin-1, as deletion of these genes can partially or completely prevent muscle atrophy (3). MuRF1 and atrogin-1 mRNA were increased in muscle from REDD1 Ϫ/Ϫ mice under sham conditions (Fig. 7, A and  B) . Sepsis increased both MuRF1 and atrogin-1 mRNA in WT mice, whereas only a sepsis-induced increase (P ϭ 0.08) in MuRF1 was detected in REDD1 Ϫ/Ϫ mice (Fig. 7, A and B) . Myostatin can also negatively regulate muscle mass at least in part by stimulating protein degradation (37) . Although there was no genotype effect on myostatin mRNA content, sepsis increased myostatin in WT mice, and a similar trend was detected in REDD1 Ϫ/Ϫ mice (P ϭ 0.07; Fig. 7C ). Myostatin also regulates muscle atrophy via FOXO-dependent induction of MuRF1 and atrogin-1 (44) . Accordingly, sepsis decreased phosphorylation of FOXO3 Ser 253 in both WT and REDD1
Ϫ/Ϫ mice to the same extent (Fig. 7D ).
IGF-I via both its autocrine/paracrine and its classical endocrine effects regulates muscle protein balance by stimulating protein synthesis and inhibiting degradation (17) . In this regard, IGF-I mRNA was decreased in sham-REDD1 Ϫ/Ϫ compared with sham-WT mice (Fig. 7E) . IGF-I mRNA was decreased by sepsis in WT mice, although no further decrease (vs. sham-REDD1 Ϫ/Ϫ ) was observed in septic-REDD1 Ϫ/Ϫ mice. In contrast to the muscle mRNA content, the circulating concentration of IGF-I did not differ under nonseptic control conditions between the WT and REDD1 Ϫ/Ϫ mice, and sepsis decreased the plasma IGF-I concentration similarly (30 -40%) regardless of genotype (Fig. 7F) .
Finally, we assessed both muscle mRNA and protein as well as the plasma concentration for two key inflammatory cytokines, TNF␣ and IL-6, that can contribute to muscle wasting (8, 24, 30) . There was no genotype effect on TNF␣ mRNA/ protein in muscle or TNF␣ in plasma under control conditions, and sepsis increased TNF␣ to the same extent in WT and REDD1 Ϫ/Ϫ mice (Fig. 8, A, C, and E) . Similarly, there was no difference in IL-6 mRNA/protein in muscle or plasma between WT and REDD1 Ϫ/Ϫ mice (Fig. 8, B, D, and F) . Whereas sepsis increased IL-6 protein in muscle and plasma in both groups similarly, the sepsis-induced increase in IL-6 mRNA was exaggerated in the REDD1 Ϫ/Ϫ mice compared with septic WT mice.
To assess whether global REDD1 disruption influences survival during sepsis, an additional group of WT and REDD1 Ϫ/Ϫ female mice underwent CLP surgery and were monitored for the subsequent 5-day period. As displayed by the Kaplan-Meier survival curve in Fig. 9 , survival did not differ between the two genotypes at 5 days postinfection. For the mice euthanized at the 5-day time point, body composition, including fat and lean mass, did not differ between WT and REDD1 Ϫ/Ϫ mice (data not shown). Furthermore, gastrocnemius and quadriceps weight did not differ after 5 days of sepsis in WT or REDD1
Ϫ/Ϫ mice (data not shown).
DISCUSSION
REDD1 is elevated in muscle during sepsis and as a repressor of mTORC1 was posited to be causally related to the sepsis-induced decrease in protein synthesis. The current findings, at least in part, support this hypothesis, as sepsis did not decrease mTORC1 signaling or protein synthesis in muscle from REDD1 Ϫ/Ϫ mice as observed in septic-WT female mice. Additionally, deletion of REDD1 prevented the sepsis-induced increase in autophagy, as assessed by the phosphorylation state of ULK1 as well as the increased LC3B and decreased content for p62. In contrast, atrogene (MuRF1 and atrogin1) mRNA content was elevated in sham-REDD1 Ϫ/Ϫ mice compared with sham WT mice. Whereas sepsis increased expression of these genes in WT mice, MuRF1 was further increased by sepsis in 
REDD1
Ϫ/Ϫ mice. Likewise, sepsis increased the TNF␣ and IL-6 mRNA and protein in muscle as well as the plasma concentration of both cytokines regardless of genotype. Although the sepsis-induced increase in IL-6 mRNA was greater in REDD1
Ϫ/Ϫ mice than in WT mice, this difference was not manifested at the level of IL-6 protein in muscle or by a genotype difference in circulating IL-6. Neither the basal nor the sepsis-induced changes in muscle protein metabolism could be explained by compensatory changes in REDD2 mRNA. Although deletion of REDD1 clearly modulates a cohort of the changes in protein synthesis and degradation acutely (ϳ24 h) produced by sepsis, REDD1 null mice did not have a long-term (5 day) survival advantage.
Regulation of muscle protein balance and signal transduction by REDD1 deletion under basal nonseptic conditions. REDD1 Ϫ/Ϫ mice do not exhibit overt phenotypic differences from WT mice, as muscle weights, the proportion of type I and II myofibers, and contractility have been reported to be similar (5) . Our data confirmed these findings related to muscle weight and extended them by demonstrating no difference in whole body fat or lean body mass between WT and REDD1-null mice. Previously, increased protein synthesis and mTORC1 signaling (e.g., S6K1 and 4E-BP1 phosphorylation) have been observed in muscle of overnight-fasted REDD1 Ϫ/Ϫ male mice compared with WT mice (21, 22) . In contrast, we detected a decreased rate of synthesis in 24-h-fasted female REDD1 Ϫ/Ϫ mice compared with fasted WT mice. This difference was associated with a concomitant reduction in Akt Thr 308 phosphorylation, although this genotypic difference was not transmitted down the mTORC1 signal transduction pathway, as the phosphorylation state of 4E-BP1 and S6K1 did not differ between WT and REDD1 Ϫ/Ϫ mice, suggesting no change in mTORC1 activity. Moreover, despite the similar phosphorylation of S6K1, phosphorylation of rpS6 was increased in REDD1 Ϫ/Ϫ mice compared with WT mice under control conditions. The reason for these discordant signaling events and the difference in protein synthesis is not known but does not appear to be due to differences in the prevailing plasma concentration of insulin or IGF-I. Differences in results between the current study and previous work may also represent a sexual dimorphic response, but this area will require additional systemic studies to elucidate. Finally, while unexpected, reduced protein synthesis in REDD1 Ϫ/Ϫ mice could theoretically provide a survival advantage during nutrient insufficiency, as it would decrease the use of nutrients, thereby partitioning them to other tissues.
In the absence of a genotypic change in mTOR kinase activity, this raises the question as to the mechanism for the observed decrease in protein synthesis. Of those alternatives (Ser 536 ) between WT and REDD1 Ϫ/Ϫ mice under control conditions, implying that the decreased protein synthesis is likely independent of a change in eIF2B activity. Finally, despite the increased Ser 366 phosphorylation of eEF2K, which would be expected to decrease its kinase activity (6) , there was also no detectable difference for total and Thr 56 -phosphorylated eEF2 between WT and REDD1 Ϫ/Ϫ mice. Collectively, these latter data suggest that the genotype difference in protein synthesis was not mediated by a differential effect on mRNA elongation.
Akt has been implicated in the regulation of mTORC1 by REDD1 (10) , and in the present study we observed a decrease Ϫ/Ϫ mice under sham control and septic conditions. Also, the impact of REDD1 deletion on sepsis-induced changes in plasma TNF␣ (E) and IL-6 (F) was determined. Gray bars represent WT mice (n ϭ 10 sham and 15 septic), and black bars correspond to REDD1
Ϫ/Ϫ mice (n ϭ 10 sham and 13 septic), with all values expressed relative to sham-WT, which was set to 100%. Horizontal bars indicate statistical differences between groups (P Ͻ 0.05). Values are expressed as means Ϯ SE. lation is decreased, the ramification of this decreased Akt activity remains equivocal, as TSC2 Ser 939 phosphorylation and mTOR kinase activity appear to be generally well maintained.
Deletion of REDD1 increased atrogene mRNA content in muscle from fasted sham-REDD1 Ϫ/Ϫ mice compared with sham-WT mice, suggesting enhanced UPS-mediated muscle proteolysis. These results differ from those reported by Britto et al. (5), where there was no effect of REDD1 deletion on muscle atrogene expression, ubiquitin content, or in vitrodetermined tyrosine release. We do not have an explanation for the inconsistency, as both studies used a comparable methodological approach in fasted female WT and REDD1 Ϫ/Ϫ mice. In contrast, both studies failed to detect changes in indices of autophagy, such as ULK phosphorylation, p62 depletion, or an increased LC3B-II/I ratio between REDD1 Ϫ/Ϫ and WT mice under basal conditions. All of the above-mentioned genotypic differences in muscle protein balance appeared to be independent of increases in selected catabolic stimuli such as TNF␣ and IL-6 in muscle and blood as well as decreases in anabolic stimuli such as plasma insulin and IGF-I. Others have reported that the excretion of corticosterone, a major stress hormone, did not differ between WT and REDD1 Ϫ/Ϫ mice (5). However, we did detect a reduction in IGF-I mRNA in muscle from REDD1 Ϫ/Ϫ mice, and a decreased autocrine action of this growth factor might explain at least in part the concomitant reduction in Akt Thr 308 phosphorylation in these animals.
An increase in REDD2 can also inhibit mTORC1 (39) , and compensatory changes may occur in REDD1 Ϫ/Ϫ mice. Muscle extracts from all four experimental groups were analyzed for REDD2 protein levels using two different DDIT4L antibodies. These included a rabbit polyclonal antibody (cat. no. 12094-1-AP; Proteintech) and a rabbit antibody raised to a synthetic peptide that corresponds to the middle region of REDD2 (cat. no. 70R-2699; Fitzgerald). Immunoblots, using either of the above two antibodies, did not detect a band(s) that would correspond to the migration of a protein of 22 kDa, the predicted molecular weight of REDD2. Using an ectopically expressed epitope tagged REDD2 in human embryonic kidney-293FT cells, we were able to ascertain that REDD2 migrates on SDS-PAGE with a mobility expected for its size and that the commercial antibodies are able to detect REDD2 on immunoblot. These data suggest that REDD2 is modified in vivo such that the antibodies used do not recognize the protein or that REDD2 is of low abundance in skeletal muscle in vivo. In this regard, it is noteworthy that neither DDIT4 nor DDIT4L was listed among the 8,309 protein identifications from a recent deep proteome study of mouse skeletal muscle (12) and may be consistent with proteins characterized by very low abundance or short-lived proteins whose expression may be transient in nature, depending on cellular status, and are consequently difficult to detect.
Impact of REDD1 deletion on mTORC1 and autophagy in sepsis. The current data corroborate past reports, as sepsis increased REDD1, decreased Akt/mTOR signal transduction and protein synthesis, and appeared to increase proteolysis via upregulation of the UPS and enhanced autophagy (18, 32, 40) . Our data demonstrate that this sepsis-induced increase in REDD1 regulates muscle mTOR kinase activity, as the decreased phosphorylation of 4E-BP1 and S6K1 as well as the decreased phosphorylation of its downstream substrate rpS6 was partially or completely prevented in septic REDD1 Ϫ/Ϫ mice. As a result of this maintained mTORC1 signaling in REDD1 Ϫ/Ϫ mice, there was no sepsis-induced decrease in muscle protein synthesis. One potential limitation of the current study was that REDD1 Ϫ/Ϫ mice had a lower basal level of muscle protein synthesis, and it was possible that a further decrement in synthetic rate could not be achieved in these mice (i.e., a floor effect). To address this issue, a separate study was performed in which REDD1 Ϫ/Ϫ mice were injected acutely with AICAR to effectively activate AMPK (42) . Using this experimental model, we convincingly demonstrated a further decrease in muscle protein synthesis in REDD1 Ϫ/Ϫ mice. Collectively, these data suggest that although basal muscle protein synthesis is reduced, deletion of REDD1 completely prevents the sepsis-induced decrease in muscle protein synthesis. These conclusions are consistent with data showing that deletion of REDD1 also prevents dexamethasone-induced muscle atrophy and suppression of mTORC1 signaling and protein synthesis (5) .
In a recent study (10) , REDD1 was shown to interact with both Akt and the catalytic subunit of PP2A to promote the dephosphorylation of Akt Thr 308 independent of a change in Akt Ser 473 phosphorylation. Furthermore, mutations in REDD1 that prevented its interaction with either protein blocked the REDD1-mediated decrease in Akt Thr 308 phosphorylation, providing support for a model in which REDD1 acts to target the catalytic subunit of PP2A to Akt to promote selective dephosphorylation of Thr 308 . The finding in the present study that Akt Thr 308 phosphorylation was lower in septic WT mice in which REDD1 expression was significantly increased (compared to sham WT mice), but not in septic REDD1 Ϫ/Ϫ mice in which REDD1 was not increased by sepsis, supports the previously proposed model (10) . However, in the present study, phosphorylation of Akt Thr 308 was also decreased in sham-REDD1 Ϫ/Ϫ mice compared with sham-WT mice despite no further attenuation with sepsis. Although this decrease may appear to be counterintuitive, REDD1
Ϫ/Ϫ mice have dysregulated insulin signaling, which may have contributed to this finding (5, 14, 52) . Regardless of the exact Fig. 9 . REDD1 disruption does not alter survival during a prolonged septic insult. An additional group of WT (n ϭ 15) and REDD1 Ϫ/Ϫ (n ϭ 15) mice underwent cecal ligation and puncture, and survival was monitored every 12 h for 5 days (120 h). The dashed line corresponds to %WT mice alive at the given time point, and the solid line represents %REDD1 Ϫ/Ϫ mice alive at each time point. No differences between groups were detected. mechanism, the sepsis-induced decrease in Akt phosphorylation at both Thr 308 and Ser 473 as well as the decreased phosphorylation of PRAS40 (Akt substrate) were not prevented in REDD1 Ϫ/Ϫ mice. Hence, the maintenance of mTORC1 and muscle protein synthesis in septic-REDD1 Ϫ/Ϫ mice appears to be independent of a corresponding change in Akt.
REDD1 also appears to mediate the sepsis-induced increase in muscle autophagy, as deletion of REDD1 largely prevented the decrease in ULK1 Ser 757 phosphorylation and p62 protein expression as well as the increased LC3B-II/I ratio. The sepsisinduced decrement in ULK Ser 757 phosphorylation in WT mice and the prevention of this response in REDD1 Ϫ/Ϫ mice were associated with coordinate changes in mTORC1 activity and were consistent with the recognized role of mTOR in regulating autophagy (11, 55) . These results are also consistent with previous reports in which MEFs lacking REDD1 were protected from the serum deprivation (10 h)-induced decrease in mTORC1 activity, ULK1 Ser 757 phosphorylation, p62, and induction of autophagy (11, 43) . However, our data differ from those showing that the deletion of REDD1 does not prevent increased autophagy following acute dexamethasone administration (5) . AMPK can also promote autophagy by directly activating ULK1 via other phosphorylation sites (15); however, this mechanism does not appear to be operational in the current setting, as sepsis did not increase AMPK activity, as evidenced by lack of genotype or treatment effect on AMPK Thr 172 phosphorylation or ACC Ser 79 phosphorylation. In contrast to the regulatory role of REDD1 outlined above for the sepsis-induced increase in autophagy, deletion of REDD1 did not antagonize the increase in MuRF1 and atrogin-1, suggesting the sepsis-induced increase in the UPS remains elevated in REDD1 Ϫ/Ϫ mice. Furthermore, increases in the proinflammatory milieu of muscle and blood can regulate muscle protein balance (17) . However, sepsis-induced elevation of TNF␣ and IL-6 protein in muscle per se and in the systemic circulation were comparably increased in WT and REDD1 Ϫ/Ϫ mice, suggesting that differences in these cytokines are unlikely to mediate genotypic differences in rates of protein synthesis or autophagy between WT and REDD1 Ϫ/Ϫ mice.
Overall our current data suggest that REDD1 mediates the impairment in mTORC1 signaling and autophagy observed in muscle during sepsis. They also highlight a significant role for REDD1 in the regulation of IGF-I/Akt signaling, protein synthesis, and protein breakdown in both fasted and septic conditions. Finally, although the maintenance of mTORC1 signaling and protein synthesis in REDD1 Ϫ/Ϫ mice did not significantly enhance survival, such changes might improve recovery and rehabilitation of those patients surviving critical illness.
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